The presentation of exogenously derived antigens to CD4 ϩ helper T cells by major histocompatibility complex (MHC) class II molecules results in the initiation of immune responses (reviewed in reference 44). MHC class II molecules are ␣/␤ heterodimeric glycoproteins expressed constitutively on the surface of antigen-presenting cells such as activated macrophages, B cells, dendritic cells, and the thymic epithelia (reviewed in reference 13). MHC class II genes can be induced on many cell types by exposure to the inflammatory cytokine gamma interferon (IFN-␥) (4, 9) . MHC class II genes are regulated at the transcriptional level by a series of DNA-binding factors, RFX, X2BP/CREB, and NF-Y, that each have subunits that interact directly with CIITA, a transcriptional coactivator required for expression (reviewed in references 3 and 36). CIITA in turn can interact with a variety of general transcription factors and coactivators, including TBP (27) , TAF II 32 (11) , CBP/p300 (12, 22) , PCAF (39) , and pTEFb (21) . Thus, it appears as though CIITA may function as a bridge between DNA bound factors, chromatin modifiers, and the RNA polymerase machinery. Indeed, the association of CIITA with the promoter bound factors in vivo has been shown to lead to the acetylation of histones H3 and H4 at the MHC class II promoter (2) .
CIITA has been termed the master regulator for MHC class II gene expression in that its expression correlates nearly perfectly with class II expression. Cells that do not express MHC class II genes do not express CIITA. CIITA expression can be induced by IFN-␥ in a time frame that precedes that of MHC class II genes (6, 40) . Transcription of CIITA is regulated in a cell-type-and development-specific fashion by four distinct promoters, each of which directs expression of a unique first exon (32, 49) . CIITA promoter I has been shown to be primarily active in dendritic cells. The function of promoter II is not clear at this time. Promoter III is primarily responsible for directing constitutive expression of CIITA in B cells, whereas promoter IV (PIV) regulates IFN-␥-inducible expression of CIITA (32, 49) . PIV contains three elements that are required for transcription in response to IFN-␥: a GAS element, which binds the factor STAT1; an E-box, which is bound by the ubiquitous factor USF-1; and an IFN regulatory factor 1 (IRF-1) binding site (31, 35) . STAT1 and USF-1 have been shown to bind cooperatively to their respective sites in vitro (31) .
Although expression of MHC class II genes is inducible in most cell types by treatment with IFN-␥, trophoblast cells, which comprise the embryonic portion of the placenta, fail to upregulate class II upon exposure to this cytokine (34, 50) . This provides one possible mechanism of maternal-fetal tolerance, whereby the maternal immune system does not react to placental tissues expressing paternally derived genes. MHC class II gene expression in placenta and in trophoblast-derived choriocarcinoma cell lines is blocked at the transcriptional level (34) . The failure to induce class II genes after exposure of trophoblast-derived cells to IFN-␥ is due to inhibition of expression of CIITA (29, 30, 33) . This inhibition is likely a result of cytosine methylation of PIV as shown by the reversion of CIITA and MHC class II induction after treatment of these cells by the methylation inhibitor 5-aza-2Ј-deoxycytidine (5AC) (30) . Recently, it was shown that CIITA is also transcriptionally repressed in trophoblast cells cultured from placental chorionic villi (46) , suggesting that the mechanism of CIITA silencing may be the same in vivo.
The induction of MHC class II genes is delayed compared to other IFN-␥-inducible genes (16, 24) . This is due to the necessity to synthesize CIITA. However, CIITA expression appears also to be delayed, taking up to 2 h to detect mRNA by reverse transcription-PCR (RT-PCR). This delay could be due to the time required to synthesize and express IRF-1, an IFN-␥-inducible, STAT1-dependent gene product. However, the kinetics of factor binding and assembly, as well as changes in chromatin structure within PIV, in response to IFN-␥ are not known. To better understand the nature of IFN-␥-mediated immune responses and to understand the role of methylation of the CIITA promoter, we have employed chromatin immunoprecipitation (ChIP) assays to investigate the kinetics of factor assembly and chromatin modification of PIV of the CIITA gene in both CIITA-inducible cells and trophoblast-like cells. In cells that can induce MHC class II genes in response to IFN-␥, factor assembly and chromatin modification occurred in an ordered fashion. In contrast, trophoblast-like cells were completely refractory to factor assembly and chromatin modification. Bisulfite sequencing of PIV in these cells showed substantial methylation of the CpG dinucleotides, providing a direct link between methylation, chromatin structure, and factor assembly and accessibility.
the quenching moiety TAMRA incorporated at position 9 were used (Fig. 2) . Similarly, for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the PCR primers were 5Ј-AATGAATGGGCAGCCGTTA (forward primer) and 5Ј-TA GCCTCGCTCCACCTGACT (reverse primer). The GAPDH TaqMan probe was 5ЈFAM-CCTGCCGGTGACTAACCCTGCGCTCCT with TAMRA at position 9. DNA samples were heated to 94°C for 1 to 3 min and then cooled to 85°C, at which point Taq polymerase was added. PCR cycling was performed for 40 cycles at 94°C for 15 s and at 55 to 65°C for 30 to 60 s, depending on the primer set, with an extension step at 72°C for 30 s. Each primer set produced a single, unique DNA product. Cycle number threshold values (point at which sample fluorescence is 10 times greater than the background level) from the above reactions were compared directly to a standard curve generated by using 0, 0.8, 4, 20, 100, and 500 ng of purified, sonicated, genomic DNA as a template for the PCR. The mean correlation coefficients for CIITA PIV and GAPDH standard curves were 0.989 with a standard deviation of 0.006 and 0.984 with a standard deviation of 0.021, respectively. All PCR assays were performed in duplicate, and the average value obtained for each sample was normalized to the amount of CIITA PIV chromatin DNA added into the immunoprecipitation reaction. The results from three or more independent chromatin preparations were averaged and are presented as the fold stimulation (of acetylation or factor binding, depending on the antibody) versus untreated cells to account for variations in immunoprecipitation efficiency between antibody lots.
Bisulfite sequencing. Bisulfite sequencing of genomic DNA was performed essentially as described by Clark et al. (7) . First, 5 g of EcoRI (10 U/g)-digested genomic DNA was denatured by the addition of NaOH to a final concentration of 0.3 M, and then incubation was performed at 37°C for 15 min. During this time, 10 mM hydroquinone and 2 M sodium metabisulphite (pH 5.0) were prepared. Then, 1,040 l of sodium bisulfite and 60 l of hydroquinone were added to the denatured DNA, and the solution was overlaid with mineral oil and incubated overnight at 55°C. Removal of free bisulfite was accomplished by purification of the DNA by using the Wizard DNA Clean-Up columns (Promega Corporation, Madison, Wis.) according to the manufacturer's instructions. NaOH was added to a final concentration of 0.3 M, and the sample was incubated at 37°C for 15 min. The sample was neutralized by addition of 10 M ammonium acetate to 3 M. The DNA was then precipitated, washed with 70% ethanol, dried, and resuspended in 50 l of distilled H 2 O. Bisulfite treated DNA (1 to 3 l) was used as a template in a 50-l PCR containing 200 M deoxynucleoside triphosphates, 200 nM primers, and 2.5 U of Taq polymerase. PCR (35 cycles) was carried out under the following conditions: 94°C for 30 s, 54 to 55°C for 30 s, and 72°C for 1 min. Product (1 l) from the first PCR was then used in a second PCR with a nested 5Ј primer. The primers used for the PCRs were specific for bisulfite converted DNA. The primers used to amplify the nontemplate strand were BSp4-1 (forward primer; 5Ј-GGTTGGATTGAGTTG GAGAGAAATAGAGAT), BSp4-2 (nested forward primer; 5Ј-TGGGGATAA GTTTTTTGTAATTTAGGA), and BSp4-3 (reverse primer; 5Ј-CTACTAATA ACCTCTCCCTCCAGCCAA). The primers used to amplify the template strand were P4BS-7 (forward primer; 5Ј-ATTTATYGTTGTTTTTYGGGTTTT), P4BS-8 (nested forward primer; 5Ј-AAAAAACAAAAACCCACCCAAAAA), and P4BS-9 (reverse primer; 5Ј-TAAAAACAAACTCCCTACAACTCAAA). Amplified DNA was ligated into the pCR2.1 vector (Invitrogen, Inc., Carlsbad, Calif.) and transformed into TOP10 competent cells (Invitrogen) as recommended by the manufacturer. Clones were sequenced by automated DNA sequencing at the Emory University DNA Sequencing Core facility. Clones with unconverted non-CpG cytosines were discarded from the analysis.
Real-time RT-PCR. RNA was prepared by using TriReagent (Molecular Research Center, Inc., Cincinnati, Ohio), and RT was carried out by using the GeneAmp RNA PCR kit (Perkin-Elmer, Inc.) according to the manufacturer's instructions. A total of 1 g of RNA was used per sample. Each reaction contained a parallel control with no reverse transcriptase. One-tenth of a reverse transcriptase reaction mixture was used as a template in a real-time PCR. Real-time RT-PCR was performed as described for the ChIP PCR. For each sample, a parallel PCR with primers for GAPDH transcripts was also performed as an input control. To compare samples, the results for CIITA RT-PCR assays were normalized to results obtained for the corresponding GAPDH RT-PCR assays, providing a relative quantitation value. The sequences of the primers used for real-time RT-PCR were as follows: GAPDH5Ј, 5Ј-CCATGGGGAAGG TGAAGGTCGGAGTC; GAPDH3Ј no. 2, 5Ј-GGTGGTGCAGGAGGCATTG CTGATG; CIITA-3, 5Ј-CTGAAGGATGTGGAAGACCTGGGAAAGC; and CIITA-6, 5Ј-GTCCCCGATCTTGTTCTCACTC.
Immunoprecipitations and immunoblot analysis. Whole-cell lysates were prepared and immunoprecipitations were performed as previously described (10) . STAT1 immunoprecipitations were performed with STAT1␣ (Santa Cruz Biotechnology) antibodies, which were prebound to paramagnetic beads. After 3 h 4782 MORRIS ET AL. MOL. CELL. BIOL.
of incubation with lysates, the beads were washed in a solution containing 150 mM NaCl, 50 mM Tris (pH 8.0), and 1% NP-40 before they were boiled in SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer and separated by SDS-PAGE. Western blotting was performed on either the immunoprecipitated products or on lysates prepared directly from cells. After SDS-PAGE, blots were transferred to polyvinylidene difluoride membrane as described previously (43) . For IRF-1 and STAT1 detection, membranes were incubated for 1 h at room temperature with antibodies specific to these factors. For phosphotyrosine detection, membranes were incubated overnight at 4°C. Membranes were then rinsed twice with phosphate-buffered saline containing 0.1% Tween 20 (PBST) and incubated for 1 h with the appropriate horseradish peroxidase-conjugated secondary antibody (Sigma) diluted 1:3,000. Membranes were washed with PBST and incubated with enhanced chemiluminescence substrate (Amersham Life Sciences, Inc., Arlington Heights, Ill.) for 1 min and placed on film. EMSA. DNA protein interactions were analyzed by electrophoretic mobility shift assays (EMSAs) according to protocols previously described (17, 18) with binding conditions described for USF-1 (31) . A DNA probe containing the GAS element and the E-box of CIITA PIV was synthesized (5Ј-GGCCAGGCAGTT GGGATGCCACTTCTGATAAAGCACGTGGTGGCCACAG). Cold competitor DNA was identical to the probe. The methylated DNA competitor was synthesized with both the coding and the noncoding underlined cytosine methylated. Antibody supershift assays used anti-USF-1 antibodies (Santa Cruz Biotechnology), which were incubated with the DNA-binding reaction mixture for 20 min prior to electrophoresis.
RESULTS
Kinetics of CIITA gene expression. The induction of MHC class II genes in response to IFN-␥ proceeds with slow kinetics, typically requiring 4 to 6 h before mRNA can be detected (40; data not shown). This delay is due to the requirement to synthesize CIITA. However, there is also a delay in the expression of CIITA mRNA in response to IFN-␥ (40) . To understand the nature of this delay and to begin to elucidate the mechanism of the IFN-␥-mediated regulation of MHC class II genes in vivo, a high-resolution kinetic study of the induction of CIITA mRNA by IFN-␥ was conducted. RNA isolated at 5, 15, 30, 60, 90, 120, 180, and 240 min after IFN-␥ treatment of A431 cells, a human epidermoid carcinoma cell line that is highly inducible for MHC class II genes by IFN-␥, was subjected to quantitative, real-time RT-PCR with primers specific to CIITA and GAPDH cDNA. The results showed that CIITA mRNA is essentially undetectable until ca. 90 to 120 min, when the level just begins to rise above the background ( Fig. 1) . At 3 and 4 h, CIITA mRNA levels are substantially higher and significant. CIITA mRNA levels continue to increase, peaking at ca. 24 h after IFN-␥ treatment (2; data not shown). Thus, while CIITA is inducible by IFN-␥, this induction is also delayed by Ͼ120 min. Several mechanisms could be responsible for the delay, including (i) the failure of the cell to process the IFN-␥ signal efficiently, (ii) the inability to assemble the transcription factor complex, (iii) the necessity to synthesize an additional gene product, or (iv) some combination of these possibilities.
STAT1 binds to the CIITA promoter within 5 min of IFN-␥ stimulation. ChIP assays provide an in vivo link between a transcription factor and a DNA sequence and are ideally suited to determining the kinetics of factor binding in vivo. To address the mechanism of CIITA induction by IFN-␥ and to examine the order and kinetics of transcription factor assembly, ChIP assays were performed on PIV, the major IFN-␥-responsive promoter of the CIITA gene. Antibodies to STAT1, USF-1, and IRF-1 were chosen for this analysis for two reasons. First, previous reports described the binding and assembly of these factors on PIV in vitro (31) . Second, genetics studies with STAT1 and IRF-1 knockout mice showed that IFN-␥ induction of CIITA was dependent on these factors (19, 28) . The ChIP assays showed that all three proteins could be found at PIV after IFN-␥ treatment; however, the fold induction and the time course of assembly were different for each factor. STAT1 binding to PIV DNA was detected within 5 min of treatment and increased to its maximum binding in 30 min (Fig. 2) . This level, which decreased slightly at 1 and 4 h of treatment, is substantially above background levels.
In the absence of IFN-␥ treatment, USF-1 binding was detected at ca. 10 times the no antibody control (data not shown), suggesting that USF-1 interacts with its site in the absence of stimulation. After IFN-␥ treatment, USF-1 occupancy levels increased slightly over the length of the time course (Fig. 2) . In contrast, IRF-1 levels showed the most dramatic increase over time, with an induction of Ͼ20-fold at 4 h. The delay in binding of IRF-1 to PIV compared with STAT1 could be explained by the fact that STAT1 is latent in the cell at the time of activation, whereas IRF-1 activation requires new protein synthesis and is itself dependent on STAT1 activation. Indeed, the binding of IRF-1 parallels the accumulation of IRF-1 in the cell, as determined by Western blotting of whole-cell extracts (Fig.  3A) . The timing of IRF-1 binding was coincident with the accumulation in CIITA mRNA transcripts, suggesting that this is a likely reason for the delay in CIITA expression. Thus, the kinetics of IFN-␥-mediated induction of CIITA through PIV occur in a stepwise fashion with STAT1 binding occurring rapidly after stimulation and IRF-1 binding after its synthesis. IRF-1 expression is not sufficient for CIITA expression. Previous work with STAT1 knockout animals demonstrated that STAT1 was required for CIITA expression (28) . It is also known that STAT1 is required for IFN induction of IRF-1 expression (28, 42) . Thus, it is formally possible that only IRF-1 expression is required for CIITA expression. Studies by the Ting group showed that a transfected IRF-1 gene could partially restore the activity of a transiently transfected PIV reporter construction (35) . If this is the case, then the transfection of an IRF-1 expression plasmid into A431 cells should result in the expression of the endogenous CIITA in the absence of IFN-␥. To determine if this could be the case, A431 cells were transfected with empty vector DNA or an IRF-1 expression plasmid. At 48 h posttransfection, IRF-1 levels could be detected in IRF-1 plasmid-transfected cells at a substantially higher level than in untreated cells (Fig. 4A) . This level was slightly less than the equivalent number of cells treated with IFN-␥ for 4 h. However, analysis of the transfected cells by flow cytometry for MHC class II expression demonstrated that IRF-1 transfection was not sufficient for MHC class II induction and that IFN-␥ treatment is required (Fig. 4B) . Histone acetylation occurs in a time course that parallels STAT1 binding to PIV. Acetylation of histones on nucleosomes close to the promoters of several genes, including MHC class II genes, has been associated with increases in mRNA levels (2, 5, 15, 23, 41, 45, 48) . The kinetics described above for PIV pose the question of whether there are changes in histone acetylation and whether these changes are associated with STAT1 or IRF-1 binding since these two events occur at distinct times during the activation process. Thus, if acetylation occurred only after IRF-1 binding, this would suggest that full assembly of the promoter was required for changes in acetylation. Alternatively, if acetylation occurred prior to IRF-1 binding, this may suggest that acetylation of the promoter may play a role in the opening of the local chromatin structure to allow efficient IRF-1 binding. To distinguish between these possibilities and to characterize the changes in acetylation that may occur during the IFN-␥-mediated activation of PIV, ChIP assays with antibodies to acetylated histones H3 and H4 were performed (Fig. 5) . In response to IFN-␥, a modest increase in histone H3 acetylation was observed within 15 min of IFN-␥ treatment. Acetylation declined slightly by 4 h but remained above the levels of unstimulated cells. A similar increase in acetylation of histone H4 occurred within the same time frame. Parallel analysis of the GAPDH gene showed virtually no change in acetylation of either histone H3 or H4 (Fig. 5 ). These results demonstrate that IFN-␥ treatment induces an increase in histone acetylation at PIV, and this occurs prior to the binding of IRF-1 and the accumulation of CIITA transcripts.
CpG methylation extends along the length of PIV in trophoblast cell lines. Fetal trophoblasts are refractory to IFN-␥ induction of MHC class II genes (1, 30, 33) . Previous analysis showed that the defect in the induction pathway was in the failure to induce CIITA expression (30, 33, 46) . Moreover, the repression of CIITA was linked to hypermethylation of DNA sequences in PIV. Hypermethylation of CIITA PIV could prevent transcription by inhibiting factor binding at a specific (Fig. 6) . Of the three factor-binding sites in CIITA PIV, only the USF-1 site contains a CpG dinucleotide. Therefore, to determine whether CpG methylation of the USF-1 site could have a consequence on regulation, the ability of USF-1 to bind to CpG methylated DNA was assessed in vitro. Nuclear extracts prepared from JEG-3, JAR, and A431 cells were incubated with a labeled PIV DNA probe, and the protein-DNA complexes were analyzed by EMSA (Fig. 7) . A single specific complex competed by unlabeled nonmethylated PIV DNA was observed with all three extracts. The complex contains USF-1 as indicated by the anti-USF-1 antibody supershifted bands (Fig. 6, lanes 5, 9, and 13) . From this analysis, it appears as though the levels of USF-1 in JAR and A431 cells are similar, whereas JEG-3 cells contain less. When PIV DNA containing a methylated CpG was used as a competitor, no substantial competition was observed, indicating that USF-1 binding to methyl CpG DNA is an unfavorable event. The above results suggest that methylation of only this CpG may be sufficient to block expression of CIITA and that this could be the mechanism by which these cell types repress CIITA and MHC class II expression. Therefore, to determine whether the USF-1 CpG was differentially methylated in CIITA-expressing cells and in trophoblast cells and to examine the methylation status of the other CpG dinucleotides in PIV, DNA sequencing of bisulfite modified genomic DNA clones was performed. Because CpG methylation can vary between individual cells within the culture, a collection of "alleles" was analyzed from each cell type studied.
Genomic DNA isolated from two CIITA uninducible trophoblast cell lines (JAR and JEG-3), as well as A431 cells, was treated with sodium bisulfite, which deaminates all non-5-methylcytosines and converts them to uracils. Bisulfite-treated DNA was amplified with primers specific for PIV. The PCR products from two independent assays were cloned, and Ͼ20 random clones for each cell line were sequenced. Each clone represents a PCR product derived from an allele of the CIITA PIV region. The results showed that methylation was nearly absent in the CIITA-inducible cell line A431 (Fig. 6 ). In contrast, methylation was extensive in both the JAR and JEG-3 cell lines (Fig. 6) . On the nontemplate strand (Fig. 6A) , JAR cells showed prevalent methylation at CpG positions 1, 2, 3, and 7 to 12, with lower levels of CpG methylation at positions 5 and 6. In general, JEG-3 cells exhibited a lower degree of cytosine methylation, occurring mostly at positions 1, 2, 9, 11, and 12. A similar pattern of methylation was observed for the template strand (Fig. 6B) in both JAR and JEG-3 cells, with the 3Ј portion of DNA containing a higher degree of methylation. Interestingly, methylation at CpG-4, which is located within the USF-1 binding site, was detected in only 3 of the 24 JAR alleles sequenced and in none of the JEG-3 alleles sequenced, suggesting that transcriptional repression of CIITA PIV in this cell type is unlikely to be caused directly by methylation of a transcription factor recognition sequence. The CpGs between the E-box and surrounding the IRF-1 site also showed reduced levels of methylation in both cell types. It is of note that in JEG-3 and JAR cells a small number of alleles were unmethylated, suggesting the possibility that methylation in this region is dynamic or that the alleles were captured during replication and may represent a partial or hemimethylated state.
Factor binding and histone acetylation do not occur in trophoblast cell lines in response to IFN-␥. The results presented above suggest that the methylation pattern may influence factor binding and nucleosome acetylation. This suggestion is supported by previous in vivo genomic footprinting (IVGF) analysis of PIV in the same cell lines (30) , which showed an absence of factor binding in response to IFN-␥. ChIP assays are more sensitive than the IVGF owing to the fact that in order to observe a footprint in the IVGF assay, a majority of the sites within a given gene must be occupied so that the background banding pattern is obliterated. Thus, to confirm the previous result and to examine the dynamics of histone acetylation at PIV in these cells, ChIP assays were performed in JAR cells before and after IFN-␥ treatment. STAT1, USF-1, and IRF-1 binding were not detected over the time course (Fig. 8) . In addition, no significant change in histone acetylation was observed for both histones H3 and H4 (Fig. 8) . Furthermore, the absolute amounts of PIV DNA immunoprecipitated with each antibody, quantitated by real-time PCR, were Ͻ2-fold above those observed in the no antibody control samples (data not shown). This was not due to a failure to induce the synthesis of IRF-1 protein as IRF-1 is induced in these cells after IFN-␥ treatment (Fig. 3A) .
The induction of IRF-1 in the trophoblast cell lines suggests that STAT1 is present and activated by IFN-␥ treatment. To show that STAT1 becomes activated, experiments were carried out to determine if STAT1 became phosphorylated after IFN-␥ treatment. Lysates prepared from control and IFN-␥-treated A431 and JEG-3 cells were subjected to STAT1 immunoprecipitation and Western blot analysis of the products. The results showed that the levels of STAT1 are similar between the cell lines and that STAT1 gets phosphorylated in JEG-3 cells to a level that is similar to that in A431 cells (Fig.  3B) . Taken together, these results support the model that methylation of PIV induces a repressive chromatin environment, which prevents the access of transcription factors to the DNA. FIG. 7 . USF-1 does not bind to a CpG methylated E-box. An EMSA was performed with a labeled PIV CIITA-specific probe containing an unmethylated E-box with nuclear extracts prepared from A431, JAR, and JEG-3 cells. Control reactions (Ϫ) and DNA competitions with cold DNA either identical to the probe (lanes C) or synthesized with a methylated CpG at position 4 (lanes M) were carried out. Antibody supershift experiments in which anti-IRF-1 antibodies were added to the DNA-binding reaction were also performed and are indicated by an asterisk above the appropriate lanes. The USF-1 specific and supershifted bands are indicated by arrowheads. 
DISCUSSION
This study describes the kinetics of IFN-␥ induction of the master regulator of MHC class II gene expression, CIITA (Fig.  9 ). The results demonstrate a stepwise assembly of factors at CIITA's IFN-␥ responsive promoter and suggest that cytosine methylation of PIV can block assembly and chromatin remodeling during IFN-␥ induction. An order of events can be assigned for the transcriptional activation of the CIITA gene by PIV in response to IFN-␥. After IFN-␥ stimulation, STAT1 is activated, translocates to the nucleus, and binds to the PIV GAS element. STAT1 also stimulates the transcription and expression of the IRF-1 gene. Concurrent with this binding is the binding and/or stabilization of USF-1 at the E-box. Second, acetylation of histones H3 and H4 is increased. Third, IRF-1 protein accumulates and binds to its site in PIV. Lastly, transcription of the CIITA gene initiated at PIV occurs.
From this kinetic study insight into the combinatorial assembly of transcription factors and how this assembly relates to gene expression can be inferred. It has been demonstrated previously that STAT1 activation, translocation, and binding to its GAS sequence is a rapid event. The ability to detect these events within 5 min of activation in vivo was made possible by use of the ChIP assay. In the absence of other regulatory controls, it is likely that STAT1 binds to other GAS elements with at least an equal efficiency and speed. Because in vivo genomic footprints of PIV display enhanced binding to the E-box after treatment with IFN-␥, it was anticipated that USF-1 binding would increase dramatically (30, 35) . This expectation was further supported by cooperative binding of STAT1 and USF-1 to PIV DNA in vitro (31) . The present data showed only a small increase in USF-1 binding after exposure to IFN-␥. This could be due to several reasons. The first is that, prior to IFN-␥ treatment, USF-1 may be binding to the E-box transiently. Thus, only the stabilization of binding by STAT1 is detected after IFN-␥ treatment. This conclusion is supported by the fact that the signal detected by the ChIP assay was substantially above those seen in the no-antibody and irrelevant-antibody controls, suggesting that the factor can be detected at the promoter prior to treatment. A second reason could be that the binding of the antibody to the USF-1 chromatin complex is inhibited as additional proteins, including STAT1 and IRF-1, bind. A third reason could be that USF-1 is one of several members of a family of proteins that can interact with this sequence and therefore, while USF-1 is clearly detected by this assay, other factors may also bind to the site in vivo as well.
The role of IRF-1 in this system is intriguing for several reasons. IRF-1 is clearly required for expression, since animals containing a targeted disruption of the IRF-1 gene have defects in their ability to induce CIITA (19) . Moreover, pretreatment of cells with cycloheximide results in a significant reduction in CIITA expression, suggesting that a factor must be synthesized for full expression (19; data not shown). The delay in CIITA expression correlates with the requirement to induce the expression of IRF-1. It is likely that a critical threshold of IRF-1 protein must be produced to activate expression, since the cells used in this study exhibited a low background of constitutive IRF-1 protein (Fig. 3) . IRF-1 protein levels were Since histone acetylation occurs at least an hour before transcripts are detected, it is likely that it is not sufficient to activate the CIITA gene. This is in contrast to MHC class II genes which were recently shown to be responsive to the histone deacetylase inhibitor trichostatin A (TSA) in a cell line deficient in CIITA (26) . Thus, it is important to consider the role of the acetylation in activating PIV transcription. Acetylation is thought to open or relax the chromatin structure in such a way as to allow factor binding and transcriptional activation. We propose here that acetylation is functioning to allow the full assembly of factors and the stable association of these factors. This proposal is based on the timing of histone acetylation and IRF-1 binding, as well as the stability of the in vivo footprint that one sees after IFN-␥ stimulation. The overall level and change in acetylation of PIV are low compared to other genes that we have studied with similar antibodies and techniques, including the HLA-DRA gene (2) and the MCP-1 and MnSOD genes (unpublished results). If acetylation correlates with gene activity, then the changes observed for CIITA reflect the overall level of mRNA that is produced after IFN-␥ treatment, which is considered to be low, requiring the use of RT-PCR to detect. It is also possible that for poorly expressed genes the level of acetylation is not critical as long as the regulatory regions are accessible for the binding of transcription factors.
PIV was found to be differentially methylated in CIITAexpressing cells and in trophoblast-derived cells (30, 46) . The pattern of methylation was not due to the fact that these cells were derived from tumors since other tumor-derived cell lines did not show methylation of the CIITA promoter, suggesting that the patterns in JAR and JEG-3 represent the developmental state of the cell (47) . In addition to the trophoblastderived cell lines, freshly isolated fetal trophoblasts also displayed methylation at PIV (46) . However, because those experiments were done by methylation-sensitive restriction analysis, only a limited number of CpG sites could be examined. Through the use of bisulfite sequencing the methylation status of each CpG dinucleotide within PIV was determined. The pattern that emerged was complex. Although virtually no methylation was detected in the 40 alleles examined from A431 cells, the extent of methylation in the trophoblast-derived cell lines was high and varied along the length of PIV. Unexpectedly, the E-box site showed the lowest level of methylation. This suggests that the reason that PIV is repressed in the trophoblast cell lines is not due directly to a single methylcytosine, which could potentially prevent the direct binding of USF-1, but rather to the state of the chromatin packaging PIV in these cells. In contrast to the A431 cells, where in the absence of IFN-␥ USF-1 binding occurred at 10 times the background level, no binding was detected in JAR cells, which as determined by EMSA were found to contain similar levels of USF-1 protein as the A431 cells. Additionally, H3 and H4 acetylation levels were extremely low at PIV in these cells, and The link between methylation, histone hypoacetylation, and gene silencing was discovered through the identification of methyl-CpG binding proteins such as MeCP2 (25) . It has been proposed that binding of MeCP2 to methyl-CpGs results in the recruitment of factors or complexes with histone deacetylase activity. This interaction has been demonstrated in Xenopus for MeCP2 and the transcriptional corepressor Sin3A (20) . This hypothesis is also supported by work in Neurospora strains, in which reactivation of a methylated copy of the hygromycin resistance gene was achieved by exposure to TSA, a histone deacetylase inhibitor (38) . To silence CIITA gene induction, the present study suggests that both methylation and hypoacetylation mechanisms are at play. However, methylation appears to be dominant to hypoacetylation because previous reports showed that CIITA gene expression could be restored after treatment of trophoblast cells with the cytosine methylation inhibitor 5AC (30) . Interestingly, treatment of trophoblasts with TSA was ineffective in restoring CIITA expression, and TSA treatment did not enhance the effect of 5AC (data not shown). These results are similar to those seen with the methylated fragile X mental retardation gene, FMR1 (8) . FMR1 can be reactivated with 5AC but not with TSA, which results in acetylation of histones around the FMR1 promoter. Thus, although methylation and histone hypoacetylation are linked, the dominance of one epigenetic tag over the other may vary depending on the gene and the modifications required for its expression or repression.
